ABSTRACT Compared to other aquaporins (AQPs), lens-specific AQP0 is a poor water channel, and its permeability was reported to be pH-dependent. To date, most water conduction studies on AQP0 were performed on protein expressed in Xenopus oocytes, and the results may therefore also reflect effects introduced by the oocytes themselves. Experiments with purified AQP0 reconstituted into liposomes are challenging because the water permeability of AQP0 is only slightly higher than that of pure lipid bilayers. By reconstituting high amounts of AQP0 and using high concentrations of cholesterol to reduce the permeability of the lipid bilayer, we improved the signal-to-noise ratio of water permeability measurements on AQP0 proteoliposomes. Our measurements show that mutation of two pore-lining tyrosine residues, Tyr-23 and Tyr-149 in sheep AQP0, to the corresponding residues in the high-permeability water channel AQP1 have additive effects and together increase the water permeability of AQP0 40-fold to a level comparable to that of AQP1. Molecular dynamics simulations qualitatively support these experimental findings and suggest that mutation of Tyr-23 changes the pore profile at the gate formed by residue Arg-187.
INTRODUCTION
The function of the ocular lens, which consists of concentrically organized fiber cells, is to focus incoming light onto the retina at the back of the eye. To serve this function, the lens must be transparent and be able to change its shape so the eye can focus on objects at different distances, a process known as accommodation. The shape changes of the lens needed for accommodation are accompanied by changes in the volume of the fiber cells, which therefore depend on a highly water-permeable membrane (1) .
Aquaporin-0 (AQP0), a member of the ubiquitous AQP family, is a water channel that is exclusively expressed in the lens, where it is the most abundant membrane protein (2) . AQP0 is highly specialized to the needs of the lens. In addition to making the fiber cell membrane water permeable, which is necessary to enable circular solute flow in the lens (1) and to allow for the volume changes in the fiber cells that accompany accommodation, AQP0 is involved in the formation of membrane junctions and thus helps to maintain the cell architecture of the lens and minimize extracellular gaps between the fiber cells (1, (3) (4) (5) (6) . The importance of AQP0 for lens homeostasis is illustrated by the fact that mutations in AQP0 result in cataract formation (7) .
In addition to being involved in membrane junction formation, AQP0 is also an unusual member of the AQP family in that it has very poor water permeability. When AQP0 is expressed in Xenopus oocytes, its water permeability is 40 times lower than that of AQP1, a water channel found in red blood cells and the kidney (8) . The low water permeability of mammalian AQP0 was previously proposed to minimize the destabilization of AQP0-mediated membrane junctions as a result of high water flows (9) or, alternatively, to represent an adaptation of air-living organisms to a dry environment (10) . The structure of AQP0 has been determined by both electron and x-ray crystallography (11) (12) (13) . A comparison of the AQP0 structure with those of other AQPs revealed differences in the pore-lining residues that could explain its low water permeability. In particular, the side chains of two tyrosine residues, Tyr-23 and Tyr-149, in sheep AQP0 extend into the water pathway, obstructing water molecules permeating the channel (Fig. 1, A and  B) . In AQP1, these tyrosine residues are substituted by Phe-24 and Thr-157, respectively, which have smaller side chains than Tyr-23 and Tyr-149 (Fig. 1 B) . Molecular-dynamics (MD) simulations implicated these two tyrosine residues in the reduced water permeability of AQP0 (9, 14, 15) , but this notion has not been tested experimentally.
Another characteristic of AQP0-mediated water conduction is its pH sensitivity (16) (17) (18) , although this behavior has not been observed in all studies (19, 20) . In permeability studies with AQP0 expressed in Xenopus oocytes, water conduction was reported to be two to four times higher at pH 6.5 than at higher or lower pH values (16) (17) (18) (19) (20) . A comparison of the sequence of AQP0 with AQP1, which is not pH sensitive, identified a histidine residue in AQP0, His-40 ( Fig. 1 C) , that is not present in AQP1 and thus is a likely candidate to be the pH sensor in AQP0. An effect of this residue on pH-dependent water conduction was corroborated by mutations at or near the residue (16, 17) . However, structures of AQP0 determined at pH 6 and pH 10 by means of electron (13) and x-ray crystallography (12) , respectively, showed no significant differences in the conformation of residues His-40 and His-66, the two residues that are most likely to respond to pH changes. Hence, whether AQP0 water conduction is indeed affected by pH, how it is affected, and the mechanism underlying pH regulation remain open questions.
Here, we expressed AQP0 variants in the yeast Pichia pastoris and reconstituted the recombinant protein into proteoliposomes for stopped-flow measurements of water conduction. To optimize the accuracy of the measurements, the vesicles were formed with a very low lipid/protein ratio (LPR) of 2 (mg/mg) to maximize AQP0-mediated water conduction, and the lipid composition of the vesicles was optimized to minimize water leakage through the lipid bilayer. Our measurements show that the low permeability of AQP0 for water is predominantly due to Tyr-23, with Tyr-149 making a smaller contribution. Substitution of both tyrosine residues by the corresponding ones in AQP1 raised the water permeability of AQP0 to the level of that of AQP1. MD simulations performed in parallel are consistent with the experimental results, showing that both mutations increase water conduction, with mutation of Tyr-23 having a greater effect. We also found that AQP0-mediated water conduction is only mildly pH sensitive, with a modest increase in water permeability by a factor of 1.5-2 at pH 7.5 compared with that at pH 6.5. Mutation of His-40 and His-66 seems to further reduce the already low pH dependence of AQP0 water conduction.
MATERIALS AND METHODS

Materials
n-Octyl-b-D-glucoside (OG) was purchased from Affymetrix (Santa Clara, CA). Brain phosphatidylserine (PS), chicken egg phosphatidylcholine (PC), chicken egg phosphatidylglycerol (PG), Escherichia coli polar lipids (EPL), dimyristoyl phosphatidylcholine (DMPC), dioleoyl FIGURE 1 Pore-lining residues implicated in the low water permeability of AQP0. (A) Ribbon diagram of AQP0 viewed parallel to the membrane plane. Residues that were evaluated in this study are labeled and shown in stick representation. (B) Tyrosine residues 23 and 149 (shown in gray with red hydroxyl groups) extend into the water pathway and have been implicated in the low water permeability of AQP0 (shown as blue ribbon diagram). In the high-permeability water channel AQP1 (shown in yellow), these two tyrosine residues are substituted by residues with smaller side chains (Tyr-23 by phenylalanine and Tyr-149 by threonine). (C) Ribbon diagram of AQP0 viewed perpendicular to the membrane plane. Residues proposed to play a role in the pH modulation of AQP0 water permeability are His-40 at the extracellular entrance of the pore, and His-66, which is part of constriction site II, formed by Phe-75, His-66, and Tyr-149, at the cytoplasmic entrance of the pore. Note: (B) and (C) present two different views of the protein. To see this figure in color, go online. phosphatidylethanolamine (DOPE), and cholesterol (Chl) were purchased from Avanti Polar Lipids (Alabaster, AL). Talon metal affinity resin was obtained from Clontech Laboratories (Mountain View, CA), restriction enzymes were obtained from New England Biolabs (Ipswich, MA), and zeocin was obtained from Invitrogen (Grand Island, NY).
Purification of native AQP0
Native AQP0 was purified from sheep lenses as previously described (21) . Briefly, membranes prepared from the lens cortex were solubilized with 4% OG in 10 mM Tris (pH 8) for 1 h at 4 C. After centrifugation at 300,000 Â g for 30 min, the supernatant was applied to a MonoQ column (Amersham, Little Chalfont, UK) equilibrated with 1.2% OG in 10 mM Tris (pH 8), and AQP0 was eluted with 300 mM NaCl in the same buffer. AQP0-containing fractions were pooled and run over a Superose 12 column (Amersham) equilibrated with 1.2% OG in 10 mM Tris (pH 8) and 100 mM NaCl.
Plasmids
Both strands of the sheep AQP0 cDNA (codon optimized for yeast) with XhoI and EcoRI ends were synthesized and cloned into a picZ plasmid that was engineered with a PreScission (PPX) cutting site before the C-terminal His 10 tag. Point mutations in the sheep AQP0 sequence were introduced by PCR using the primers listed in Table 1 . Clones containing the mutations were selected and confirmed by sequencing with the 3AOX and 5AOX primers provided by the sequencing platform.
Expression of AQP0 in P. pastoris picZ plasmids containing genes for wild-type AQP0 (wtAQP0) and mutant AQP0 were linearized with PmeI and transformed by electroporation into the protease-deficient P. pastoris strain SMD1163. Transformants that had the plasmid incorporated into the genome were selected on YPDS plates containing 1 mg/mL zeocin. Single colonies from the plates were expanded to 50-mL cultures in YPD medium and grown overnight at 30 C. The precultures were transferred to YNB-based glycerol-containing medium (BMG) and incubated for 24 h at 30 C with shaking at 250 rpm. After the exponential growth phase, the growth medium was exchanged with expression-inducing medium containing 0.5% methanol (BMM). After 24 h at 28 C, cells were harvested by centrifugation, washed with deionized water, flash-frozen in liquid nitrogen in small pellets, and stored at À80 C.
Purification of AQP0 from P. pastoris
Cell pellets were cooled in liquid nitrogen and ground five times for 3 min in a mixer mill (MM400, Retsch, Haan, Germany) at a frequency of 25 beats/s. The fine powder was resuspended with lysis buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, and 0.5 mL/50 mL Halt protease inhibitor cocktail (Pierce, Dallas, TX). The cells were then mixed with an equal volume of 0.5-mm glass beads and subjected to 10 cycles of 10 s mix and 50 s pause using a modified blender (Biospec, Bartlesville, OK) at 0 C. After centrifugation at 4000 Â g for 15 min to remove unbroken cells, the membranes were pelleted by centrifugation at 200,000 Â g for 1 h and solubilized with 25 mL of 4% OG in 20 mM Tris (pH 8) and 300 mM NaCl. After centrifugation at 200,000 Â g for 30 min, the supernatant was incubated with 1/25 volume of Talon metal affinity resin (Clontech, Mountain View, CA) in equilibration buffer (1.2% OG, 20 mM Tris (pH 8) and 300 mM NaCl) for 1 h at 4 C. The resin was washed with 25 volumes of 20 mM imidazole and five volumes of 60 mM imidazole in equilibration buffer. AQP0 was eluted using two volumes of 500 mM imidazole in equilibration buffer. Buffer exchange was performed using a 10DG desalting column (Biorad, Hercules, CA) to remove the imidazole and to supplement the equilibration buffer with 1 mM dithiothreitol. The C-terminal His 10 tag was removed by incubation with His-tagged PPX-3C protease (1:10 mg/mg) for 16 h (22) , and the PPX was removed by gel filtration with a Superose 12 column (Amersham) in gel-filtration buffer (1.2% OG, 10 mM Tris (pH 8.0), 100 mM NaCl). Complete removal of the tag was confirmed by Western blotting with anti-His antibody.
Formation of lipid vesicles and AQP0 proteoliposomes
Before they were reconstituted into proteoliposomes, the AQP0-containing fractions from the gel-filtration column were pooled and concentrated, and the protein concentration was determined via a Bradford assay (Pierce) using bovine serum albumin as the protein standard. Purified AQP0 was reconstituted into proteoliposomes by dialysis. AQP0 (0.5 mg/mL in reconstitution mixture) was mixed with OG-solubilized PS/PC/Chl (1:4:5 mol/ mol/mol) at an LPR of 2 (mg/mg), and the volume was adjusted to 0.5 mL with gel-filtration buffer. The mixtures were transferred to dialysis cassettes (3.5 kDa cutoff; Pierce) and dialyzed against buffer containing 20 mM MES (pH 6.5) or 20 mM HEPES (pH 7.5) with 100 mM NaCl and 0.5% (w/V) NaN 3 for 3 days at 4 C with daily buffer exchanges. Pure liposomes were formed using the same method at a lipid concentration of 1 mg/mL. Proteoliposomes and liposomes were harvested and extruded 20 times through a 0.2 mm membrane. The size of the vesicles was measured by dynamic light scattering (Viscotek TDA model 302 or Malvern Zetasizer Nano ZS; Malvern, UK).
Permeability measurements
The permeability of liposomes and proteoliposomes containing native AQP0 or recombinant wtAQP0 or mutant AQP0 was calculated from light-scattering intensity data measured with a stopped-flow apparatus (either an SF-E100 or SF-300X machine; KinTek, Austin, TX) as previously described (23) . Shrinkage of both liposomes and proteoliposomes was initiated with 400 mOsm NaCl at 15 C. Results are the average of a minimum of 10 traces obtained with at least three independent vesicle batches.
MD simulations
For the MD simulations, we used the 1.9 Å resolution electron crystallographic structure of AQP0 (PDB: 2B6O) (11) . Using CHARMM-GUI (24), this structure was embedded into a membrane bilayer consisting of 365 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules. The water box surrounding the membrane contained 150 mM NaCl. The parameters for the protein, lipids, ions, and water were obtained from the CHARMM36 force field (25) . Standard CHARMM cutoffs for electrostatic and van der Waals interactions of 1 nm were used in the simulations. Electrostatics was treated with the particle mesh Ewald method (26) . For the final production runs, the v-rescale thermostat (27) was set to a temperature of 305 K (room temperature) and the Parrinello-Rahman barostat was set to a pressure of 1 atm to maintain an NPT ensemble. All simulations were performed with the GROMACS 5.0 package (28) . All proteins (wtAQP0 and the Y23F, Y149T, and Y23F/Y149T mutants) were simulated for 500 ns each. The first 100 ns were considered the equilibration time, and the remaining 400-ns trajectories were used for analysis. In addition, 300-ns simulations were performed for 14 additional mutations that were thought to increase the AQP0 water permeability. The water permeability was calculated from the MD simulations by means of the collective-diffusion method (29) .
Functional mode analysis
The trajectories from the MD simulations were analyzed with the machine learning algorithm, partial least-square-based functional mode analysis (PLS-FMA) (30, 31) . In an approach similar to that described in our previous work (32), the protein was divided into four equal regions along the channel axis (see Fig. 5 and Fig. S8 in the Supporting Material). The program HOLE (33) was then used to calculate the minimum radius along the channel axis for each of the four regions for the simulation trajectories, yielding four independent data vectors. Each of these vectors was divided into two equal parts, with the first one used to train the PLS-FMA model and the second one used for validation. The PLS-FMA methodology was then used to generate a model from the training set that predicted the structural changes in the protein that best correlated with the changes in the data vector. A correlation coefficient of >0.75 in the validation set was considered to be statistically significant for further analysis (Fig. S8 ). Fifteen PLS components were used to predict the collective modes from the data (the use of more components led to overfitting). Only three of the four regions yielded statistically significant modes. In the region ranging from À16 to À8 Å , no collective motion correlated highly with changes in the minimum radius. All modes were computed over the entire trajectories without any bias in the process.
Essential-dynamics simulations
Essential-dynamics (ED) simulations were carried out using the make_edi tool implemented in GROMACS 5.0 (34). These simulations were used to restrain the protein in the open and closed states of the arginine gate mode with a harmonic constraint of 1000 kJ/mol À1 nm
À1
. Simulations were carried out for 100 ns for wtAQP0 and the Y23F mutant in each state.
RESULTS
Water permeability of wtAQP0
The water permeability of pure lipid bilayers ranges from 10 to 150 mm/s depending on the lipid composition and temperature (35) . We used dialysis and extrusion to form liposomes composed of DMPC, EPLs, and mixtures of egg PC and egg PG. Stopped-flow measurements were conducted at a pH of 6.5 and a temperature of 15 C (25 C for DMPC due to its high phase transition temperature of 24 C). The measured water permeability values of DMPC, PC/PG, and EPL vesicles were 14. Table S1 ). Incorporation of AQP0 increased the permeability of DMPC, PC/PG, and EPL vesicles by only a factor of~2-3.5, even at very high protein concentrations (i.e., at LPRs as low as 2 (mg/mg)), which made it difficult to discern the contribution of AQP0 to the total water permeability of the proteoliposomes (Figs. S1-S3; Table S1 ).
It is known that addition of Chl decreases the water permeability of lipid bilayers (35) . To determine the effect of Chl, we prepared PC/PG (4:1 mol/mol) and PC/PG/Chl (2:1:2 mol/mol/mol) mixtures according to the mixing ratios used in a previous AQP0 water permeability study by Tong et al. (36) Table S2 ). In addition, a PC/PS/ Chl (4:1:5 mol/mol/mol) mixture (Fig. S6 ) was prepared in accordance with the lipid mixture that was used by Itel et al. (37) to reduce the gas permeability of lipid vesicles in a study of the CO 2 permeability of AQP1. To assess the influence of the LPR on AQP0 permeability results, we prepared vesicles using molar LPRs of 89 (LPR of 2; mg/mg) for PC/PS/Chl and 500 (LPR of 11.2; mg/mg) for PC/PS/Chl (Figs. S4-S6; Table S2 ).
The PS/PC/Chl vesicles had a water permeability of 8.25 5 3.2 mm/s at pH 6.5 and 5.4 5 1.3 mm/s at pH 7.5 ( Fig. 2) . These results confirmed that this lipid mixture reduced the water permeability of the vesicles by a factor of~2 for pH 6.5 compared with pure DMPC, DOPE, FIGURE 2 Water permeability of AQP0 at pH 6.5 and 7.5. Incorporation of AQP0 purified from sheep lenses (native) and recombinant protein expressed in P. pastoris (wtAQP0) results in a significant permeability increase of Chl-rich liposomes (p < 0.05 by comparison of proteoliposomes with pure lipid vesicles at each pH using two-way analysis of variance). This result indicates that both native AQP0 and recombinant wtAQPO are functional. The difference in water permeability of native AQP0 and recombinant wtAQP0 at pH 6.5 and 7.5 is small but statistically significant (p < 0.05). By comparison, the difference in water permeability of pure lipid vesicles at pH 6.5 and 7.5 is statistically not significant (p ¼ 0.1). The error bars represent the standard deviation of the measurements. *p < 0.05, **p ¼ 0.1, #p < 0.05 when compared with pure lipid vesicles. (The p-value is a measure of the probability that the permeability values of vesicles measured under two different conditions will be identical.) PC/PG and EPL vesicles, and that the water permeability of these vesicles was not significantly different at pH 6.5 and 7.5 (Fig. 2) . The effects of forming vesicles in buffers of different pH or dialyzing a vesicle suspension against buffers of different pH were also evaluated, and it was found that these factors did not affect the measured water permeability (data not shown).
Reconstitution of native AQP0 isolated from sheep lenses into the PS/PC/Chl vesicles at an LPR of 2 (mg/mg) resulted in a clearly detectable increase in the water permeability of the proteoliposomes. The water permeability was 31.6 5 8.9 mm/s at pH 6.5 (an increase by a factor of 3.8 5 1.8 over control vesicles) and 59.1 5 11.6 mm/s at pH 7.5 (an increase by a factor of 10.9 5 3.3; Fig. 2 ). To ascertain that recombinant sheep AQP0 expressed in P. pastoris behaves in the same way as AQP0 directly purified from sheep lenses, we also reconstituted recombinant wtAQP0 into PS/PC/Chl vesicles at an LPR of 2 (mg/mg). The water permeability of the vesicles containing recombinant wtAQP0 was 14.7 5 4.0 mm/s at pH 6.5 and 26.7 5 4.15 mm/s at pH 7.5 (increases by factors of 1.8 5 0.8 and 4.9 5 1.4, respectively, compared with control vesicles; Fig. 2 ). Hence, native AQP0 and recombinant wtAQP0 show the same water permeability trends, although the recombinant protein appears to be only about half as conductive for water as the purified native protein (see below).
Effect of tyrosine mutations on AQP0 water conduction
Tyrosine residues 23 and 149 have previously been proposed to be responsible for the low water permeability of AQP0 (9, 12, 14, 15) . To experimentally test whether these two tyrosine residues are indeed the cause of the low water permeability of AQP0, we substituted them with the corresponding residues in AQP1, a water channel with a 40-fold higher water permeability than AQP0 (8) .
The water permeability of proteoliposomes containing the Y149T mutant was 31.9 5 10.3 mm/s at pH 6.5, showing that this substitution doubled the water permeability of wtAQP0 (Fig. 3 A) . The Y23F substitution had a more dramatic effect, increasing the water permeability of proteoliposomes containing this mutant by a factor of~20 to 294 5 23.2 mm/s at pH 6.5 (Fig. 3 A) . Finally, the water permeability of proteoliposomes containing the Y23F/Y149T double mutant was 570 5 120 mm/s at pH 6.5, a 39-fold increase compared with wtAQP0 (Fig. 3 A) , demonstrating that the effects of the two tyrosine residues on water permeability are additive.
MD simulations of the water permeability of wtAQP0 and the tyrosine mutants
We performed MD simulations of wtAQP0 and the tyrosine mutants, and used the results to calculate their water permeability values. To mimic a neutral pH, His-40 and His-66 were modeled as singly protonated. From the simulations, we calculated a water permeability of 0.22 Â 10 À14 cm 3 /s for the wild-type protein (Fig. 3 B) , which is similar to the experimentally determined water permeability of~0.20 Â 10 À14 cm 3 /s (estimated assuming 100% incorporation of protein into liposomes from an experimental proteoliposome permeability measurement of 31.6 5 8.9 mm/s; Fig. 2 ). Mutation of Tyr-23 to phenylalanine increased the water permeability to 2.9 5 0.2 Â 10 À14 cm 3 /s, a 13-fold increase compared with that of the wild-type protein. Mutation of Tyr-149 to threonine had a lesser effect and increased the water permeability only to 1.0 5 0.3 Â 10 À14 cm 3 /s, a 4.6-fold increase compared with that of the wild-type protein. With a value of 2.5 5 0.3 Â 10 À14 cm 3 /s, the water permeability of the double mutant Y23F/Y149T is similar to that of the single Y23F mutant. A possible explanation for why the effects of the two tyrosine mutations are not additive, as seen in the stopped-flow measurements, is that the introduction of the two mutations causes a large
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FIGURE 3 (A) Water permeability at pH 6.5 of wtAQP0 and mutants in which tyrosine residues were mutated to the corresponding residues in AQP1. Mutation of Tyr-149 to threonine increases the water permeability by a factor of~2 over wtAQP0. Mutation of Tyr-23 to phenylalanine increases the water permeability by a factor of~20. The water permeability of the Y23F/Y149T double mutant is~40 times higher than that of wtAQP0, showing that the effects of the two tyrosine residues are additive. The error bars represent the standard deviation of the measurements; *p < 0.05. (B) Water permeability of wtAQP0 and mutant AQP0 calculated from MD simulations. The water permeability values calculated from the MD simulations qualitatively agree with those obtained from stopped-flow measurements, with both tyrosine mutations in AQP0, Y149T and Y23F, increasing the water permeability. However, in the MD simulations, the effects of the two tyrosine mutations are not additive. The error bars are standard deviations over the four monomers in the AQP tetramers.
Role of Pore-Lining Residues in Aquaporin-0 conformational change that cannot relax to an equilibrium ensemble within the submicrosecond timescale of the MD simulation. As the Y23F mutation showed a stronger effect on water permeability in the simulations, we focused on understanding the mechanism by which this mutation increased the water permeability.
We first tested the hypothesis that the increased permeability of the Y23F mutant could be due to a passive widening of the channel pore. For this purpose, we compared the equilibrium radius profile of the wild-type protein with those of the tyrosine mutants. We did find an increase in the average channel radius for the Y23F mutant in the Tyr-23 region (Fig. 4) . Similarly, the Y149T mutation caused a widening of the pore in the Tyr-149 regions, and both increases in pore diameter were found in the Y23F/ Y149T double mutant (Fig. 4) . However, the observed changes are within the standard deviations of the radii computed from the simulations. Thus, a purely static structural change in AQP0 likely does not explain the experimentally measured change in AQP0 water permeability due to the tyrosine mutations.
FMA
Next, we investigated whether a dynamic component could be involved in the modulation of AQP0 water permeability. To this end, we employed PLS-FMA, an approach based on machine learning (30, 31) . Using this algorithm (see Materials and Methods for details), we identified three distinct functional modes that best correlated with the observed changes in the radius profile of the channel pore (Figs. 5 and S7). These modes, which were calculated in an unbiased manner, identified the residues that are most affected by the introduced mutations. In the region spanning À8 to 0 Å (Fig. 5) , motions of Arg-187 make the greatest contribution to changes in the channel radius. In this arginine gate mode, Arg-187 undergoes a gate-like retraction motion that enlarges the pore in its open state or completely occludes the pore in its closed state. In the 0-8 Å region, the largest effect on the channel radius comes from motions of Tyr-23, and is thus termed the Tyr-23 mode. Finally, in the 8-16 Å region, motions of Tyr-149 affect the channel radius the most; thus, this is named the Tyr-149 mode. These results show that the tyrosine mutations target the residues that are responsible for the modulation of the channel radius. Interestingly, the predictive power, measured as the cross-validation correlation coefficient of a mode, decreases in the region in which the mutation is introduced (Fig. S7) . This finding indicates that residues Tyr-23 and Tyr-149 modulate the radius profile of the channel in their vicinity and that this effect is reduced upon mutation.
ED simulations
The PLS-FMA methodology establishes a correlation between the radius profile of the channel and the dynamics of the protein, but the characteristic of interest for the channel is its water permeability. To test for a correlation as well as a possible causal relationship between the PLS-FMA modes and water permeability, the ED methodology was used to lock the protein in either the open or closed end state of the PLS-FMA modes. The water permeability values were then calculated for proteins restrained in these two extreme states for each of the three modes (Fig. 6) . The water permeability of wtAQP0 only increased to the level observed for the Y23F mutant in the open state of the arginine gate. The open states of the other two modes also increased the water permeability of AQP0, but only marginally. Interestingly, when all three modes were held in the closed state, the water permeability of the Y23F mutant dropped to that of wtAQP0 (Fig. 6 ).
Mutations that stabilize the arginine gate of AQP0 in the open state
The results from the ED simulations suggested that mutations that retract Arg-187 and thus hold the arginine gate in the open state should increase the water permeability of AQP0. Seven residues in close proximity to Arg-187 were chosen for further investigation (Fig. S8) . Except for Leu-28 and Pro-191, the majority of these residues (Leu-116, Ala-117, Leu-118, Asn-119, and Thr-120) are located in extracellular loop C of AQP0. These residues were systematically mutated in silico to a negatively charged residue, glutamate or aspartate, in an attempt to stabilize the positively charged Arg-187 residue in the open state of the arginine gate (Fig. S8) . The water permeability of the 14 mutants could not be calculated from the simulations, as the values did not converge within the simulation window of 300 ns. However, in these unrestrained simulations, the arginine gate of all 14 mutants remained in the open state, which was ascertained by projecting the simulation trajectories for the 14 mutations on the arginine gate mode and comparing their population distributions with that of the native protein (Fig. S9 ). This result indicates that a residue creating an electrostatic attraction for Arg-187 may indeed stabilize the arginine gate in an open state.
To validate this hypothesis, all 14 mutants were targeted experimentally. Although most of the proteins carrying these mutations could not be expressed, the T120E mutant could be purified and showed increased water permeability (Fig. S10) , indicating that the predicted mechanism captures the structural cause behind the modulation of AQP0 water permeability.
pH sensitivity of AQP0 water conduction
Most studies on the pH sensitivity of AQP0 have been performed with AQP0 expressed in oocytes, raising the possibility that the measured water conduction may have been affected by effects introduced by the oocyte. The water permeability of PS/PC/Chl vesicles is not pH dependent Fig. 2 ), but incorporation of wtAQP0 showed a water permeability of 14.7 5 4.0 mm/s at pH 6.5 and a permeability of 26.7 5 4.15 mm/s at pH 7.5, an increase by a factor of 1.9 5 0.6 (Fig. 2) . Similarly, the water conductance of the Y23F mutant at pH 7.5 was 390 5 50 mm/s, an increase by a factor of 1.3 5 0.2 compared with its permeability at pH 6.5 (295 5 23 mm/s; Fig. S11 ). Two histidine residues in AQP0, His-40 and His-66, have previously been implicated in potentially being responsible for pH sensitivity of AQP0-mediated water conduction (13, 16, 17) . To experimentally test the contribution of these two histidine residues to pH sensitivity, we performed water permeability measurements on AQP0 in which the histidines were substituted. However, given that the water permeability of wtAQP0 is close to that of lipid membranes, even when the proteoliposomes are prepared at an LPR of 2, we introduced the histidine substitutions into the Y23F mutant of AQP0, which has a 20-fold higher water permeability than the wild-type protein. The water permeability of the H40Q/Y23F mutant was 206.5 5 30.4 mm/s at pH 6.5 and 281 5 72 mm/s at pH 7.5, an increase by a factor of 1.4 5 0.4 (Fig. S12) . The water permeability of the H66M/Y23F mutant was 218.5 5 85 mm/s at pH 6.5 and 262 5 103 mm/s at pH 7.5, an increase by a factor of 1.2 5 0.7 (Fig. S12) . A statistical assessment by analysis of variance shows that the permeability difference between pH 6.5 and 7.5 for both H40Q/Y23F and H66M/Y23F is not significantly different. Hence, mutation of His-40 and His-66 appears to further decrease the already low pH sensitivity of AQP0.
DISCUSSION
Accurate experimental measurement of the water permeation rate of AQP0
Investigators have previously measured the water conduction of AQP0 either by injecting AQP0 cRNA into Xenopus oocytes or by reconstituting purified AQP0 protein into lipid vesicles. However, the low permeability of AQP0, which is only slightly higher than that of pure lipid membranes, makes it difficult to measure its water conduction accurately. In the case of oocyte expression, this problem can be alleviated by injecting a high amount of cRNA (8) , and indeed all studies that used expression of AQP0 in oocytes showed an observable increase in water permeability over noninjected oocytes (8, 16, 17, (38) (39) (40) (41) . In contrast, in an early water conduction study using purified AQP0 reconstituted into proteoliposomes, the chosen LPR of 15.3 (mg/mg) resulted in a very small increase in the water permeability of the vesicles by a factor of only 1.2, and therefore AQP0 was not recognized as a water channel (42) . In a recent study, using AQP0 proteoliposomes reconstituted at LPRs ranging from 5.3 to 50 (mg/mg; corresponding to a molar LPR of~200-1500), permeability measurements were improved by adding Chl to the lipid mixture, which reduced the water leakage of the membrane itself (36) . The reported permeability values of AQP0 in that study were still very close to the permeability of the pure lipid vesicles over at least half of the LPRs tested, limiting the accuracy of the measured values. Here, by further lowering the LPR to 2, we were able to improve the accuracy of water permeability measurements for AQP0 (Figs. S4-S6) .
A low LPR of 2 ensures a large contribution of the channel to the water permeability of the proteoliposomes. We also optimized the lipid composition of the vesicles to minimize the background permeability of the lipid bilayer by adding Chl at a concentration of 50% (mol/mol). With these optimized AQP0 proteoliposomes, stopped-flow light-scattering spectrometry showed a clear increase in the water permeability of liposomes by a factor of~11 at pH 7.5 upon incorporation of AQP0 (Fig. 2) .
Our measurements were sufficiently accurate to reveal that native AQP0 purified from the lens had a higher water permeability than the recombinant wild-type protein (Fig. 2) . Although the difference is small, this result indicates that the water permeability of AQP0 may be affected by posttranslational modifications that are present in the native protein, but not in the recombinant protein. Although we cannot comment on the mechanism through which posttranslational modifications would affect the water permeability of AQP0, it is unlikely to involve the arginine gate mechanism. Nevertheless, our measurements suggest that vesicles that are made with Chl and contain a high concentration of AQP0 make it possible to measure AQP0-mediated water conduction accurately (see Figs. S5 and S6) . Still, even proteoliposomes containing native AQP0 have a very low water permeability of 31.6 5 8.9 mm/s, which is only slightly higher than the permeability of pure lipid bilayers. However, lens membranes are highly enriched in Chl, with a molar ratio of Chl to phospholipid of~5:1 in human lens membranes (43) (44) (45) , substantially reducing the water permeability of these membranes. Therefore, even with its low water conduction rate, AQP0 will markedly increase the water permeability of lens membranes, particularly considering the high abundance of AQP0 in lens membranes. Interestingly, the water permeability of Killifish AQP0 is an order of magnitude higher than that of bovine AQP0 (17) . This observation led to the proposal that low water permeability may have been a mammalian evolutionary adaption of AQP0 to dry-air environments (10) .
Effect of Tyr-23 and Tyr-149 on the water permeability of AQP0
Even though AQP0 has the typical AQP fold, its water conductance is the lowest among all AQPs (38) . It was proposed that the low water permeability of AQP0 would help maintain lens structure by ensuring a uniform cell response to osmotic imbalances (12) . In addition to its function as a water channel, AQP0 mediates cell-cell junctions between fiber cells, thus helping to minimize gaps between neighboring fiber cells, which is necessary for the lens to remain transparent (3). Another reason that was proposed for the low water permeability of AQP0 was thus to not compromise the stability of AQP0-mediated cell-cell junctions (9) .
By comparing the atomic structure of AQP0 with that of AQP1, which is 40 times more permeable for water than AQP0 (8) , one can see that many residues that line the channel in AQP0 are larger and more hydrophobic than those found in AQP1, resulting in a narrower, longer pore with an additional constriction site close to the cytoplasmic entrance of the pore known as constriction site II (CS II) (13) . Previous MD simulations reported that in silico mutation of Tyr-23 to phenylalanine increases the water permeation rate of AQP0 by a factor of 2-4 (15). Thus, Tyr-23 alone could not explain the 40-fold lower water permeation rate of AQP0 compared with AQP1. Our experimental measurements show, however, that the Y23F mutation increases the water conduction of AQP0 by a factor of 20 (much more than predicted by the previous MD simulation study), establishing that the hydroxyl group of the Tyr-23 side chain is in fact the major reason for the low water permeability of AQP0.
Other MD simulations have also hinted that Tyr-149 in CS II of AQP0 serves as another factor in the slow water conduction, though to a lesser extent than Tyr-23 (9) . Under conditions of 1.8 mM Ca 2þ , the permeability of AQP0 is known to decrease by a factor of 2 due to the allosteric binding of calmodulin, which introduces a mechanical strain at CS II (46) . Mutation of Phe-149 to glycine eliminated the sensitivity of AQP0 water conductance to Ca 2þ -calmodulin when expressed in oocytes, and effectively increased AQP0 water permeability by a factor of 2 in the presence of 1.8 mM Ca 2þ (46) . Our measurements of AQP0 proteoliposomes confirm that the Y149T mutation increases the water permeability of AQP0 twofold. Furthermore, in our stoppedflow measurements (albeit not in our MD simulations), the effects of the two tyrosine mutations, Y23F and Y149T, are additive. As a result, the water permeability of the Y23F/Y149T double mutant is~40-fold higher than that of the wild-type protein. This result indicates that the difference in water permeability between AQP1 and AQP0 is almost exclusively due to the combined effects of the two tyrosine residues extending into the AQP0 water pathway.
Mechanism of the water permeability modulation
The MD simulations helped to shed light on the mechanism by which channel-lining residues modulate the water permeability of AQP0. One of the residues involved, Arg-187, is highly conserved and part of the ar/R region found in all AQP channels. Many previous studies of AQPs have shown that this pore-lining arginine can affect the permeability and selectivity of the AQP channel. For example, the high electrostatic repulsion between protons and Arg-226 and His-212 of the selectivity filter in Aqy1 from P. pastoris prevents proton conduction through the pore (47) . In AtTIP1 from Arabidopsis thaliana, ammonia selectivity is introduced by a unique conformation of Arg-200 that is induced by the presence of a histidine residue in loop C forming an extended selectivity filter (48). Beitz et al. (49) showed by mutagenesis and Newby et al. (50) later confirmed by structural studies that in PfAQP from Plasmodium falciparum, Arg-196 is stabilized by Glu-125 in loop C to allow for high water permeability. In AqpZ from E. coli, the arginine residue in the constriction region has been crystallographically characterized in two different conformations (51) , which in MD simulations correlated with an open and a closed channel state (52) .
In the case of AQP0, the three PLS-FMA modes observed in our equilibrium simulations demonstrate that there are collective motions involving multiple residues in the protein that can dynamically change the radius profile of the channel pore. These changes can in turn affect the permeability of the protein, as established by the ED simulations. Although our results show a connection between the PLS-FMA modes and the water permeability of AQP0, the structural basis for how the modes affect water conduction remains unclear. It is also not obvious why opening of the arginine gate alone can increase the water permeability of AQP0 to that of the Y23F mutant, but exert no direct effect on Tyr-23. To address these questions, we considered the population distributions of wtAQP0 and the Y23F mutant along the arginine gate mode (Fig. S13) . The distributions showed that the Y23F mutant spends twice as much time in the open state of the arginine gate mode as the wildtype protein. To understand the cause of the change in population distribution as a result of the Y23F mutation, we first looked for any physical connection, such as a hydrogen bond, between residues Arg-187 and Tyr-23, or for any indirect hydrogen-bond network between the two residues through another residue that would be disrupted due to the mutation. However, we observed no such interactions in the simulations. A potential explanation emerged when we studied the water densities within the channel pore in the ED simulations. When the arginine gate is held in the open state, the water densities for both wtAQP0 (Fig. 7 A) and the Y23F mutant (Fig. 7 C) appear identical. However, when the arginine gate is held in the closed configuration, Tyr-23 in wtAQP0 can trap a single water molecule (visible in its density profile) between Arg-187 and Tyr-23, creating a water-based, hydrogen-bonding bridge (Fig. 7 B) . This bridge may explain how the Y23F mutation, which results in the loss of the hydroxyl group of Tyr-23, can no longer maintain a similar bridging hydrogen-bonding interaction (Fig. 7 D) . Thus, water in the region between residue 23 and Arg-187 is more mobile in the Y23F mutant than in the wild-type protein. This interaction points to the structural mechanism by which the mutant increases the water permeability of AQP0. Tyr-23 appears to modulate the arginine gate by holding the Arg-187 residue in the closed configuration due to the bridged hydrogen bond, whereas in the Y23F mutant Arg-187 is more likely to remain in the open configuration.
The ar/R region is the narrowest region in AQP channels (Fig. 4) , and changes that greatly increase water permeability must widen the channel pore in this region. The low water permeability of AQP0 is due to a bridging water molecule that holds Arg-187 of the ar/R region in the closed state of the arginine gate. This explains why the Tyr-23 and Tyr-149 modes in wtAQP0 can switch the protein to a low permeability state but cannot increase the permeability to the same level as the Y23F mutation. The Tyr-23 mode in its closed state acts by restricting the water molecule between Tyr-23 and Arg-187 even further, thus favoring the closed state of the arginine gate. The Tyr-149 mode can act as a gate that can constrict the pore at the cytoplasmic side of the protein. In their open states, however, neither mode can effectively alter the channel profile at the narrowest region of the protein, the arginine gate. Thus, the arginine gate mode will always dominate the permeation behavior. As the Tyr-149 mode and the arginine gate mode can act independently of each other, their effects on the water permeability of AQP0 can be additive.
Corroborating the role of the arginine gate mode, we find that mutations predicted to keep the channel pore open show a strong effect on the population distributions of the protein along the arginine gate mode. All of these mutations tend to favor the open state of the mode. However, in the simulations of these mutations, we could not calculate the permeability due to a lack of convergence. The reason for this could be structural changes in the protein due to the introduction of a negative charge in the conserved ar/R region that do not equilibrate on the submicrosecond timescale of the simulations.
pH sensitivity of AQP0 water conduction
The pH of the eye lens ranges from 6.81 at a radius of 30% of the total radius of the lens to 7.02 at a fractional radius of 90% (53) . It is therefore of interest to establish whether the water permeability of AQP0 is affected by pH. Although some studies did not detect any changes in AQP0 water conduction under different pH conditions (19, 20) , other studies found that the water permeability of AQP0 at pH 6.5 was two-to fourfold higher than that under lower or higher pH conditions (16) (17) (18) . Although the water conduction does not change greatly under different pH conditions, considering the high abundance of AQP0 in lens fiber membranes, even a small difference may still be physiologically relevant.
We found that native AQP0 and the recombinant wildtype protein have a slightly higher water permeability at pH 7.5 than at pH 6.5 (Fig. 2) . We observed the same pH behavior for the Y23F, Y149T, and Y23F/Y149T mutants (Fig. S12) . Although the effect is small and decreases further with mutation of H40 and H66 in the Y23F mutant (Fig. S12) , it is not only consistent for all analyzed AQP0 variants but is also statistically significant as assessed by Student's t-test. We therefore conclude that water conduction by AQP0 is pH sensitive and that it is higher by a factor of~1.5 at pH 7.5. With regard to other pore-lining histidine residues, AQP1 has a histidine, His-182, that corresponds to His-172 in AQP0 (Fig. S14) (16) . Since both water channels have this histidine, but only AQP0 (and not AQP1) is pH sensitive, this residue is unlikely to play a role in pH sensing. Furthermore, Arg-187 of AQP0 and Arg-197 of AQP1 are in close proximity to His-172 and His-182, respectively. The proximity of the arginine residues to the histidine residues likely shifts the pKa of the histidine residues beyond the physiological range. The pH behavior we measured with AQP0 reconstituted into proteoliposomes is the opposite of what has previously been reported for AQP0 expressed in oocytes (13, 16, 17) . Although this is surprising, a similar observation was reported for Ca 2þ regulation of AQP0: Ca 2þ caused a fourfold decrease in the permeability of AQP0 expressed in oocytes, but resulted in a 2.5-fold increase in the permeability of proteoliposomes formed from native lens membranes (18, 54) . These results suggest that the biological environment AQP0 encounters in a Xenopus oocyte modifies its permeability and regulation. Figure S1 . Water permeability of pure DMPC vesicles and AQP0-containing DMPC proteoliposomes. A) Stopped-flow light scattering traces obtained with pure DMPC vesicles (black trace) and AQP0 proteoliposomes resulting from reconstitution at an LPR of 2 (mg/mg; molar LPR of 78) (gray trace). B) The water permeability of pure DMPC vesicles at pH 6.5 was 14.7 ± 2.3 µm/s and that of the AQP0 proteoliposomes was 51.0 ± 9.0 µm/s, corresponding to an increase by a factor of 3.5 ± 0.8. The values are the average of three independent measurements and the error bars represent the standard deviation of the measurements. For DMPC, the experimental temperatures were adjusted to stay above the phase transition temperature of the lipid (37ºC was used for dialysis and 25ºC was used for stopped-flow measurements). The water permeability of pure wtAQP0 at pH 6.5 was 13.3 ± 1.5 µm/s and that of the T120E mutant was 20.3 ± 6.5 µm/s. The values are the average of three independent measurements and the error bars represent the standard deviation of the measurements. ANOVA gives a p-value of 0.064, and there is ~93% confidence that the water permeability of the T120E mutant is different from that of wtAQP0.
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Figure S11. pH sensitivity of wild-type AQP0 and the tyrosine mutants. For wild-type AQP0 and for the Y23F, Y149T and Y23F/Y149T mutants, water permeability is slightly but consistently higher at pH 7.5 than at pH 6.5. Figure S12 . Water permeability at pH 6.5 and 7.5 of wild-type AQP0 and AQP0 mutants in which histidine residues were mutated. Proteoliposomes containing wild-type AQP0 and the Y23F mutant both show statistically significant higher water permeability at pH 7.5 than at pH 6.5 (p < 0.05), but differences in permeability were more readily resolved with the Y23F mutant. The water permeability of the H40Q/Y23F was 206.5 ± 30.4 µm/s at pH 6.5 and 281 ± 72 µm/s at pH 7.5, an increase by a factor of 1.4 ± 0.4. The water permeability of the H66M/Y23F was 218.5 ± 85 µm/s at pH 6.5 and 262 ± 103 µm/s at pH 7.5, an increase by a factor of 1.2 ± 0.7. Differences in water permeability at pH 6.5 and 7.5 of the Y23F/H40Q and Y23/H66M double mutants were not statistically significant with a 95% confidence threshold (p = 0.2 for Y23F/H40Q and p = 0.6 for Y23F/H66M), suggesting that the two histidine residues may have a role in the subtle pH sensitivity of AQP0 water permeability. The error bars represent the standard deviation of the measurement. * p < 0.05, ** p > 0.05 1J4N ; light blue) has a histidine residue, His-182, that corresponds to His-172 in AQP0 (PDB id: 2B6O; gray, side chains of residues colored by element). Since AQP1 features a corresponding histidine residue but is not pH-sensitive, His-172 in AQP0 is unlikely to be involved in pH sensitivity. Furthermore, Arg-187 of AQP0 and Arg-197 of AQP1 are in close proximity to His-172 and His-182, respectively. The proximity of the arginine residues to the histidine residues likely shifts the pKa of the histidine residues beyond the physiological range.
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